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The ultrasonic method is used to detennine the nature of materials (seal or defects filled
with air or water) in contact with casings. A downhole probe that houses an ultrasonic transducer
is used for conducting tests in a casing. Separations on the order of micrometers between the seal
and the casing can be detected and defects having an area as small as 250 mm2 can be located
(Yesiller et al. 1997a). The method allows for tests to be conducted repeatedly after seal placement
to monitor the performance of the seal with time.
The ultrasonic method was used to conduct tests in nineteen boreholes in Wisconsin. Tests
were conducted in three model boreholes simulating groundwater monitoring wells from 1994
through 1995 to evaluate the effectiveness of the ultrasonic method. Then tests were conducted in
three water supply wells and thirteen monitoring wells from 1995 to 1996 to evaluate the condition
of the seals surrounding the casings.

ULTRASONIC SEAL EVALUATION
A downhole probe that houses an ultrasonic transducer is used for conducting tests in a

casing (Fig. 1). The cylindrical probe is constructed of Delrin® plastic with a diameter of 48 rom
and a height of 82 nun. The transducer is placed inside a cylindrical space in the probe. The probe
is lowered inside the casing via a set of rigid aluminum rods to the desired depth of measurement
(Fig. 1). A solid piston, which moves in and out of the probe, is used to fix the probe against the
interior casing wall to stabilize the probe during a measurement and to maintain a fixed distance
between the transducer and the casing. Pistons of various sizes are available for use in casings
with various diameters. After collecting data at a given location, the piston is retracted and the
probe is lowered to the next measurement location or rotated horizontally to conduct measurements
along different orientations.
Presence of water is. required in front of the transducer to act as a couplant for the
transmission of ultrasonic waves. A mechanism to supply water in front of the transducer is
designed for use in casings above water level (Fig. 1). A soft rubber ball is lowered inside a
casing and pressurized. The inflated ball plugs the casing and the part of the casing above the ball
is filled with water. After data acquisition is completed, the rubber ball is retracted by releasing the
pressure and removed from the casing. Rubber balls of various sizes are available for use in
casings with various diameters.
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Fig. 1. Probe Deployed in a Casing (adapted from Yesiller et al. 1997a)
The ultrasonic transducer is used to send and receive ultrasonic waves into the casing and
seal (Fig. 1). The transducer is actuated by a pulser-receiver, which is connected to a waveform
analyzer for digitization of data. The ultraSonic pulse-,ccho inspection technique is employed to
assess the nature of materials (seal or defects filled with air or water) in contact with the casing.
Reflections generated as the waves pass into the casing and seal are analyzed to evaluate the
integrity of the seal.

In particular, reflections from the boundary between the casing and seal are used for
analysis. Differences in the acoustic properties of media present behind the casing cause
differences in the amplitude of the reflected waves. Analysis of these reflected waves are used to
detect the presence of different media (seal or defects filled with air or water in a seal) behind the
casing. The analysis is conducted by determining the energy of the reflected waves. The energy,
E, of the waves is defined as the area under the amplitude-time plot for the reflections (Fig. 2).
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Fig. 2. A Typical Waveform Obtained in the Tests

A seal that is in full contact with a casing is an "intact" seal, whereas a seal containing
defects consisting of water or air around the casing is a "defective" seal.

A low value for E

indicates an intact seal, while a high value for E indicates a defective seal. To evaluate a seal, depth
and E are recorded at a series of points along the length of a casing. To discriminate quantitatively
between an intact and a defective seal, a measured proflle of E is compared statistically to the
proflle expected for a defective seal. Prior to placement of a seal, conditions corresponding to a
defective seal (air or water adjacent to casing) are defmed by making reference measurements in a
casing surrounded by air and water. Average values for E corresponding to air (EJ and water CEw)
around a casing are shown with the E profile for the seal on a plot of E vs. depth. The proflle for
the sealed casing is compared with the proflles for air backing and water backing using at-statistic
under the null hypothesis that the seal is defective. When the difference between the measured E
and E a and/or Ew is not statistically significant, the seal is defective. Intact and defective seal
locations are marked on the E profile using results of the statistical analysis. The ultrasonic seal
evaluation method is described in detail in Yesiller (1994) and Yesiller et al. (1997a).

FIELD TESTS
The ultrasonic method was used to conduct tests in nineteen boreholes in Wisconsin from
1994 through 1996. The tests are grouped under two categories: initial tests conducted in model
boreholes and later tests conducted in groundwater supply and monitoring wells. The model
boreholes were constructed to simulate groundwater monitoring wells. These boreholes provided
acontrolled environment to evaluate the effectiveness of the recently developed ultrasonic method.
Repeated tests were conducted in model boreholes. Subsequent to the model borehole tests, tests
were conducted in three water supply wells and thirteen monitoring wells to evaluate the condition
of the seals surrounding the casings using the ultrasonic method. The wells were selected to
analyze the effects of several factors on the performance of seals: (1) type of seal materials
(bentonite slurry/cuttings, bentonite chips, neat-cement, etc.), (2) type of formation (gravel, sand,
clay, etc.), (3) hydrogeology (depth to water table), (4) method of seal placement (gravity, tremie
pipe, etc.) and (5) hydrochemistry (presence of aggressive pollutants that may impact seal quality).

Model Borehole Tests
Tests were conducted in three model boreholes simulating groundwater monitoring wells at
two locations in Wisconsin: Madison (MEl and MB2) and Columbus (ME3). Various seals and
defects were placed around the casings. Ultrasonic testing of the seals was initially conducted in
Fall 1994. Additional testing was conducted in Summer 1995, 10 months after installation.
Bentonite and neat-cement were used for the seals, and defects were introduced intentionally using
dry sand. The boreholes were 152 mm (6 in) in diameter and the casings were Schedule 40 steel
pipes 50 mm (2 in) in diameter. All boreholes were drilled using a hollow stem auger.
Bentonite seals were prepared with 9.5-mm-diameter bentonite chips and water using
procedures employed by the Wisconsin Department of Transportation. The seal was composed of
50% bentonite and 50% water, by weight. Neat-cement seals were prepared using a ratio of 42.6
kg Type-I Portland cement to 20.8 L of water. This neat-cement seal is used commonly for sealing
casings (Edil et aI. 1992). In laboratory tests it was observed that E for dry sand was similar to E
for air and E for wet sand was similar to E for water (Yesiller 1994). Thus, defects were
constructed using Portage sand, a clean medium, uniformly graded sand classified as SP according
to the Unified Soil Classification System.
. The boreholes MBI and MB2 extended 2.7 m (9 ft) below the surface (Fig. 3). The
casings ~ere 3 m (10 ft) long, 2.7 m (9 ft) being below the surface and 0.3 m (1 ft) remaining
above the surface. The casing left above the surface was used to detennine E for air (EJ backing
(Yesiller 1994). Ew for water backing was obtained from tests on ME3 (see subsequent

discussion). The stratigraphy of the site consisted of a 0.6-m-thick (2 ft) top soil layer and an
underlying silty sand layer. Groundwater was not encountered. The bottom-most layer of neat
cement in MB 1 was placed using a tremie pipe. The top-most layer of neat-cement in this borehole
was placed by pouring the seal into the hole from the surface. Bentonite seals were placed in MB2
by filling the annulus with water to a specified depth and then dropping. bentonite chips into the
water. The bentonite chips were expected to gradually hydrate and form a seal. Sand defects were
placed in both boreholes by pouring the sand from the ground surface.
Borehole MB3 extended 4.5 m (15 ft) below the surface (Fig. 3c). The casing placed in
the borehole was 6 m (20 ft) long, 4.5 m (15 ft) being below the surface and 1.5 m (5 ft)
remaining above the surface. The casing left above the surface was used to determine E for air (EJ
and water CEw) backings (Yesiller 1994). The E for air (EJ was determined without anything
around the pipe. To determine Ew, a large-diameter pipe (30-cm-diameter) was temporarily placed
around the casing above the ground surface. The large pipe was sealed so that the annulus could
be filled with water, and measurements for water backing (Ew) were conducted. Seals made with
neat-cement or bentonite chips or powder and water and defects consisting of dry sand were placed
in the borehole by pouring the materials into the annulus from the ground surface. Groundwater
was encountered at a depth of 4.5 m.
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Groundwater Supply and Monitoring Well Tests
Tests were conducted in three groundwater supply and

thirteen groundwater monitoring

wells in Wisconsin. Various seals and defects were present around the casings in the boreholes.
illtrasonic testing of the seals was conducted in 1995 and 1996. The seals for the water supply
wells consisted of bentonite slurry and drill cuttings.

The seals for, monitoring wells were

bentonite-based and cement-based seals. The casings for the water supply wells were Schedule 40

PVC pipes with 127 mm (5 in) diameter. The casings for the monitoring wells were Schedule 40
PVC pipes with diameters ranging from 50 mm (2 in) to 62 mm (2.45 in). The depth of the wells
investigated were variable, the depths analyzed for each well are presented in the results section.
The components of well construction that includes casing material, seal material, and seal
placement method are summarized in Table 1.

-Site

Table 1 - Groundwater Supply and Monitoring Wells (adapted from Klima 1996)

Well

A

Al - Supply

B

BI - Supply

C

CI - Supply

D I - Monitoring
D

-

D3 - Monitoring
E

-

D2 - Monitoring

El - Monitoring
E2 - Monitoring

F

PI - Monitoring

G I - Monitoring
G

-

G2 - Monitoring
G3 - Monitoring
HI - Monitoring

H

-

H2 - Monitoring
H3 - Monitoring

I

II - Monitoring

Casin2
PVC - Sch. 40
0-127 nun (5 in)
PVC - Sch. 40
0-127 nun (5 in)
pvc - :)ch. 40
0-127 nun (5 in)
pvc - Sch. 40
0-62 mm (2.45 in)
PVC - Seh. 80(?)
0-58 mm (2.3 in)
PVL: - Sch. 40
0-50 nun (2 in)
PVC - Seh. 40
0-52 mm (2.05 in)
pVL: - Sch. 40
0-52 mm (2.05 in)
PVC - Sch. 40
0-51 nun (2.01 in)
PVC - Seh. 40
0-62 mm (2.44 in)
PVC - Sch. 40
0-62 nun (2.44 in)
PVL: - Sch. 40
0-62 mm (2.44 in)
PVC - Seh. 40
0-52 mm (2.04 in)
pvC - Seh. 40
0-52 mm (2.04 in)
PVC - Seh. 40
0-52 mm (2.04 in)
PVC - Seh. 40
0-50 mm (2 in)

Seal

Seal Placement

Bentomte Dnlhng Mud
and Cuttings
Bentonite Drilling Mud
and Cuttings
Bentomte Dnlling Mud
and Cuttings

Pumped (through dnll
pipe) and Gravity
Pumped (through drill
pipe) and Gravity
Pumped (through dnll
pipe and trernie pipe)

Granular Bentonite
Bentonite Slurry
1.21 g/em3 (to.l Ib/gal)

Gravity

Cement-Bentonite Grout

Trernie Pumped
Unknown (probably
Tremie Pumped)

Bentonite-Sand Slurry

Tremie Pumped

Granular Bentonite

Gravity

Cement-Bentonite Grout

Tremie Pumped

Granular Bentonite
Bentomte Slurry
1.19 glem3 (9.9 Ib/gal)
Bentomte Slurry
1.19 glem3 (9.9 lb/gal)
Bentonite Chips
9.5-mm-Diameter
Bentomte Slurry
1.20 glem3 (10.0 lb/gal)
BentOnIte Slurry
1.20 glem 3 (10.0 Ib/gal)
Bentomte Slurry
1.02 glem3 (8.5 Ib/gal)

Gravity
Tremie Pumped
Tremie Pumped
, Tremie Dropped
Tremie Pumped
Tremie Pumped
Tremie Pumped

guidelines provided in
drilling mud slurry and

The groundwater supply wells were constructed according to the
NR-812 (WDNR 1996). The code allows the use of sodium bentonite

cuttings with densities greater than 1.32 g/cm3 (11 lb/gal) for sealing well casings.

The

groundwater monitoring wells were constructed according to the guidelines provided in NR-141
(WDNR 1995). The code specifies the use of bentonite- or cement-based seals with a hydraulic
conductivity (k) less than lxlO-7 em/sec for monitoring wells. In general, the specifications for
construction of monitoring wells are more stringent than the specifications for water supply wells.
Seals were placed in the boreholes by pouring the materials into the annulus from the
ground surface (gravity method) or using a trernie pipe. In the trernie pipe method, the seals were
poured or pumped through the trernie pipe. Some of the seals for the water supply wells were
installed by pumping through the drill pipes in a manner similar to trernie pipe installation.
The boreholes for the water supply wells were drilled with mud rotary system (Fig. 4). In
this system, drilling mud is circulated through the well to enhance drill bit performance, carry soil
and rock cuttings to the surface, and to provide hydrostatic head to maintain an open borehole.
The drilling mud consists of powdered bentonite and water with a mud weight of 1.08 g/cm3 (9
lb/gal) at the surface. The slurry is pumped into and through the hollow drill stem to the bottom of
the drill hole. Fluid in the annulus is displaced by the pumped drilling mud. The mud that returns
to the surface is recirculated into the well until drilling operations are completed (Klima 1996).
At the completion of the drilling, the drill stem is removed leaving the hole filled with
drilling mud and cuttings. The well screen is attached to the end of the casing and the casing is
lowered into the mud filled borehole. The casing is filled with water to force mud and cuttings
away from the casing, thus improving the ease with which the casing is pushed into the mud filled
borehole. When the casing is lowered to the fmal depth, the casing is lifted slightly, allowing the
hydrostatic head of water to force the drilling fluid up the annulus. Water and air are jetted through
the screen slots to wash the mud away from the screen and surrounding formation, thus opening
groundwater flow from the aquifer to the well. The natural formation will ideally collapse against
the screen and part of the casing. The water from the washing and jetting process displaces more
drilling mud through the well casing and out the annulus and further dilutes the drilling mud in the
annular space. After the well is fully developed, the cutting returns that accumulated at the surface
are shoveled back into the annulus until the annulus is filled to the ground surface.
. The material that remains in the annulus after the drilling and development process is
considered the annular seal if the slurry has a mud weight of at least 1.32 glem3 (11 lb/gal). The
seal is a mixture of the material that remains in the annulus after well development including
drilling mud, development water, drill bit cuttings, and shoveled cuttings. Wells Al and Bl were

constructed using this procedure. The borehole for well CI was

drilled in a similar manner.

However, the casing was sealed using atremie pipe to pump the seal material into the annulus and
the well was developed with a surge block, instead of the jetting water and air. The surge block

minimized dilution and displacement of the drilling mud (Klima 1996).
For groundwater supply wells, the casing left above the surface was used to determine E
for air (E.J backing. The E for water was determined in the laboratory. Average Ew was
determined in laboratory tests conducted in a 127-mm-diameter PVC casing surrounded by water.
For monitoring wells, the casing left above the surface was used to determine E for air (EJ and E
for water (Ew) backings where possible. Otherwise Ea and Ew obtained from laboratory tests on
casings similar to the well casings in the field were used.
Drilling Mud Slurry

~-J-

Drill Rod

I ....~-

Drill Bit

Drilling Mud --HI'"
and Cuttings

Fig. 4. Mud Rotary System (adapted from Klima 1996)

RESULTS OF ULTRASONIC TESTS
Model Borehole Tests
. Measurements for E were conducted at same depths and orientations in all of the tests.
Results of the tests conducted in MB 1 are shown in Fig. 5. Test data for I-Day (Fig. 5) show the
different ultrasonic responses of the seal and defect layers. The upper neat-cement seal was intact
near the surface, and defective near the mid-section and base of the layer. E for the lower neat

cement seal was significantly different from E a and E w, indicating the presence of an intact seal at
all locations. E for the sand layer was between E a and Ew. Dry sand was placed in the borehole as
the defect layer, but some of the water used to prepare the adjacent cement seals seeped into the
sand, which resulted in E lower than Ea. Nevertheless, all of the locations in the sand layer were
found to be defective.
By 7 days, E for the upper neat-cement seal decreased below

Ew except for one location,

indicating that most, but not all of the upper layer was intact (Fig. 5). A similar condition was
observed throughout the monitoring period. The high E near the middle of the upper neat-cement
seal was obtained at the same location in the 1-, 7-, and 16-day tests and the lO-month test. The
ultrasonic response of the sand layer changed in time (Fig. 5). E for the sand layer increased and
approached E a (except for one location) at the end of 7 days due to drainage of water, which is
consistent with the response of dry and wet sands in laboratory tests (Yesiller 1994, Yesiller et al.
1997a). A response consistent with dry sand was obtained during the 16-day and lO-month tests.
After 10 months, the upper neat-cement seal surrounding the casing in MB1 was retrieved
to determine why a "defect" was indicated by the ultrasonic assessment when the seal was intended
to be fully intact. A cavity was found in the seal between depths of 0.15 m (6 in) to 0.20 m (8 in)
and soil near the cavity stained the casing. The cavity extended from the casing to the surrounding
soil along the entire width of the seal. The location of this defect agreed exactly with the location
that was repeatedly detected as defective using the ultrasonic method (Fig. 5). During excavation
of the borehole, the sand layer was also examined and found to be dry. Thus, the condition of the
sand also agreed with the results of the ultrasonic test.
Results of the tests conducted in MB2 are shown in Fig. 6. One day after placement, E
near the top of the upper bentonite layer was high, indicating the presence of a defective seal.
Desiccation and cracking of the bentonite seal was visually observed at the ground surface, which
is consistent with the ultrasonic response. In contrast, E for the bottom portion of the upper
bentonite seal was low indicating the presence of an intact seal. E for the entire lower bentonite
seal was also significantly lower than E w , indicating the presence of an intact seal. Desiccation
cracks were still visible in the seal at the ground surface.
At the end of 7 days, E near the surface was still high, indicating the continued presence of
a defect. Lower E was obtained during the 17-day test for the top portion of upper bentonite seal
(Fig. 6). Between the 7-day and 17-day measurements, rain water seeped into the upper bentonite
layer, resulting in re-hydration and swelling of the bentonite and a subsequent reduction in E.
Nevertheless, the ultrasonic response of this portion of the seal indicated a defect at 17 days. In
contrast, the entire upper bentonite layer was found defective during the lO-month test.

Condition Legend: Intact - c:::::::J, Defective - ~
0.5
0.0

:g

-0.5

..r:::

0. -1.0

.,

Q

-1.5
-2.0
-2.5

1 DAY

1.0

7 DAYS

2.0

1.0

2.0

16 DAYS
1.0

2.0

10 MONTHS
(LONG-TERM)
1.0

2.0

E (nsec)

Fig. 5. Results from Ultrasonic Evaluations of MBl (from Yesiller et al. 1997b)

The ultrasonic response of the lower bentonite seal also varied over time. E for this layer
increased to values between Ew and E a by 7 days after installation (Fig. 6), indicating that the seal
was defective. Apparently, water from the bentonite was removed by the adjacent dry fonnation
soil, resulting in desiccation and shrinkage of the bentonite and separation of the bentonite and the
casing. Similar responses were obtained in the 17-day and lO-month tests.
E for the sand layer was close to that of water (Ew) one day after placement (Fig. 6), even
though dry sand was placed in the borehole as the defect layer. Water used to hydrate the upper
bentonite seal seeped into the sand, as occurred in MBl. Subsequently, E for the sand defect
increased as water drained into the surrounding soil. At 7 days, E was close to Ea and all data
from the sand indicated that it was a defect. At 17 days, E for the sand layer was again close to

Ew, because water seeped into this layer after heavy rains on Day 16.

Similar decreases in E due to

water were detected in the bentonite layers.
The upper bentonite seal inMB2 was unearthed in Summer 1995. The bentonite seal was
dry and cracked and, at some locations the bentonite appeared powder-like. The fonnation soils
around the borehole were dry. It was also observed that the bentonite chips had never fully
hydrated. The outer surface of the chips appeared to have hydrated at one point; however, the

center of the chips remained dry. These observations are consistent with the high E obtained for
the upper bentonite seal, which indicated the seal was defective.
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Fig. 6. Results from Ultrasonic Evaluations ofMB2 (from Yesiller et al. 1997b)
Results of tests conducted in MB3 are shown in Fig. 7. During testing after installation,
only a slight difference was evident between the ultrasonic responses of the seals and the defect. E
values from the fresh neat-cement and bentonite seals were close to Ew or between Ea and E w at all
depths. E close E a near the ground surface was probably caused by air entrapped in the neatcement mix. In contrast, the lower portion of the neat-cement layer was un-cured cement, which
was in a viscous fluid state and thus yielded E close to E w • The fresh bentonite also had an
ultrasonic response similar to water which is consistent with the behavior of hydrating and
consolidating bentonite slurry observed in laboratory tests (Yesiller 1994). That is, E for bentonite
drops below Ew after the bentonite fully hydrates and/or consolidates.
Curing of the cement resulted in a decrease in E over time (Fig. 7). E for the cement seal
reached a very low value at the top and bottom of the cement layer in 31 days, indicating an intact
seal. However, in the mid-section of the cement seal, the E was high indicating a defect. A similar
response was obtained in the long-term test. During excavation, a polyethylene tube installed for
saturating the sand defect was found to be in direct contact with the casing near mid-depth of the
cement seal. The tube prevented contact between the seal and casing, which was reflected as a

defect in the ultrasonic evaluation. Hydration and consolidation of the bentonite resulted in a
reduction in E. By 16 days, the E for both bentonite seals were significantly different from Ew and
Ea· Low E were also obtained in the bentonite layers in 31-days and lO-month tests.
As occurred in MB I and MB2, E for the sand defect was close to Ew after installation (Fig.
7), which was probably due to water seeping into the sand. Ultrasonic re~ponse of the sand defect
varied over time. E of the sand layer increased and was close to Ea during the 3- and 16 days tests

as the sand became drier. In contrast, E for most of the sand layer was similar to Ew during the
long-term test. This test was conducted after a rainy day, and pooled water existed in the area
surrounding the borehole. Apparently, rain water seeped into the sand layer around the casing.
Nevertheless, the presence of the sand layer was detected as a defect with the ultrasonic method.
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Fig.7. Results of Ultrasonic Evaluations in MB3 (from Yesiller et al. 1997b)

Groundwater Supply and Monitoring Well Tests
Water Supply Wells
. An example of the data obtained in water supply wells is presented in Fig. 8. Results of
the test conducted in Well Al are shown in Fig. 8. Measurements were conducted to a depth of
13.1 m below the ground surface. Defects were detected above the water table within the gravel

portion of the soil profile. Several high energy peaks that indicated poor casing-seal contact were
measured between 3.0 m and 7.0 m. It is believed that the alternating high and low E is due to
zones of bridged seals (low E) and seal defects (high E). The drilling mud, diluted from the
washing and jetting processes, may have infIltrated the gravel leaving air filled defects around the
casing. Above 3.0 m, the drilling mud apparently made an adequate seal. Shoveling drill cuttings
into the annulus appears to be sufficient from the ground surface to 3.0 m depth. However, at
greater depths the shoveled cuttings settled irregularly and bridged in the annulus.
Below the water table, defective seal locations have an ultrasonic response similar to the
response of water. Defects were detected at 9.0 m depth and between 9.5 and 10.7 m depth within
the sand portion of the soil profile. The response similar to water at these locations could be
caused by sand that collapsed against the casing. The water filled sand has an ultrasonic response
similar to water. An improvement is observed in the seal adjacent to the clay layer (Fig. 8). In the
clay zone, the mud filled annulus has an E significantly less than Ew indicating good casing-seal
contact and an intact seal.
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Fig. 8. Results of Ultrasonic Evaluations in Water Supply Well Al (from Klima 1996)

Results of all of the tests conducted in water supply wells are summarized in Table 2. The
"percent defective seal" is based on the proportion of the well seal that failed the t-statistic test (i.e.
the proponion of the well that has an E greater than the water reference Ew)' The seals around
water supply wells were 12.9% to 59.9% defective. The greatest length of defective seal was
observed in Well B I, which had a coarse-grained soil profile.

The. seal in this well is a

combination of pumped and shoveled bentonite drilling mud. Data were obtained in this well
above the water table. The drilling mud, which becomes diluted during the development process,
probably infiltrated into the adjacent, coarse-grained fonnation and resulted in a defective seal. In
addition, the mud and cuttings shoveled into the annular space from the ground surface probably
fonned bridges and prevented complete seal placement. Well Al was constructed and sealed in a
manner similar to Well Bl, and had only 14.5% defective seal. However, 28% of the seal above
the water table was defective. A significant portion of the seal in Well Al within the sand proflle
below the water table was also defective.
Well Cl was sealed using a tremie pipe to pump sealant into the annular space between the
. ground surface and 10.7 m depth. The well was developed with a surge block, instead of jetting
water and air, to minimize dilution and displacement of the drilling mud. Well Cl had 12.9%
defective seal, but the percent defective seal increased to 18% above the water table. Nevertheless,
tremie pumping the sealant improved the mtegrity of the seal in the unsaturated zone.

-

Table 2 - Summary of Ultrasonic Tests Conducted in Water Supply Wells (from Klima 1996)

Well
Al
Bl

- Cl

Casing
PVC - Sch. 40
~-127 mm (5 in)
PVC - Sch. 40
~-127 mm (5 in)
PVC - Sch. 40
~-127 mm (5 in)

Seal Placement
Seal
Method
Bentonite Drilling
Pumped (drill
Mud and Cuttings pipe) and Gravity
Pumped (drill
Bentonite Drilling
Mud and Cuttings pipe) and Gravity
Bentonite Drilling Pumped (drill pipe
and tremie pipe)
Mud and Cuttings

Seal
Len2th (m)

Defective
Seal (%)

13.1

14.5

10.4

59.9

14.6

12.9

Monitoring Wells
Results oftests conducted in Wells D2 and 11 are shown in Figs. 9 and 10, respectively.
The data from Well D2 is representative of data with a low percentage of defective seal whereas,
data from Well 11 is representative of data with a high percentage of defective seal. In Well D2, the
water table is 2.4 m below the ground surface. Measurements were conducted from the water table
to a depth of 29 m. This portion of the annular space was sealed with a 1.21 glcm' (10.1 lblgal)
bentonite slurry placed using a tremie pipe.

Low E readings indicating good casing-seal contact were obtained for most of the well
(Fig. 9). Higher E were obtained between 28 m and 29 m. This zone lies immediately above the
bentonite chips. The chips might have bridged during placement allowing for water to seep into
the annular space around the casing. Another explanation for the higher E readings is related to the
well development procedure. Well D2 was developed using compress~d air. The casing was
pressurized to clean sediment out of the screen interval and fIlter pack sand. The seal close to the
screen might have been disturbed and displaced by the high pressure air.
58 mm (2.3 in)
PVC Casing

,:

Transducer
Oriented North

Sand

Fig. 9. Results of Ultrasonic Evaluations in Well D2 (from Klima 1996)

In Well n, the water table is 12.8 m below the ground surface (Fig. 10). Measurements
were conducted from the ground surface to a depth of 19 m. The annular space was sealed with a
1.02 g/cml (8.5 lb/gal) bentonite slurry placed using a tremie pipe.
Defects were detected at various locations in the bentonite seal (Fig. 10). High E readings
were obtained from the ground surface to 2.7 m and from 4.7 m to 7.7 m, which is probably due
to settlement and desiccation in the unsaturated zone. The E between 7.7 m and 14.7 m is similar
to E w • The silty sand formation soil in this zone probably collapsed against the casing after
becoming saturated as the relatively low density (1.02 g/cml ) bentonite slurry seeped into the

fonnation soil. Hydrocarbons (benzene, ethylbenzene, toulene, and xylene) were detected in the
water samples from Well II. Bentonite may loose its effectiveness as a low-conductivity barrier
material in the presence of these chemicals (Mitchell and Madsen 1987).
The contact between the seal and the casing improved from 15.0 m to 16.5 m. A high E
spike was obtained at 16.7 m at the top of the bentonite chip seal. The chips probably bridged in
the annular space causing the high E spike. The measurements around '19 m are similar to Ew •
This is the sand filter pack zone and the E is representative of the saturated sand.
E [nsec]

50 mm (2 in)

PVC Casing

r-0_ _2.00T-_400...o.;.;._6;;,;OO;;;.-_8_00_...:;I.OOO~..;;1_200;;;.-.:;.I400.:=..,
-2
I:

Protective Cap

I:

o

I:

I'

'. J .••.. :.••.•.

: J
: J

'
.

- ..... :+.....

1. ... J:. ~~ :~~: ... ~. ~~. 'j" ~
:
:

·~·

:
,

.. ···: ..

I:

J:

---

.

:

o. -

6

. . .: - . .

-.l.~._._.

l:·· .. ··:---·..:--·
f~~~~b="=-~ Bentonite Chips I:
.
--. -"r - :. - 9.5-~-diameler 1 -";'" -- -: .. -- .. ·:·+ .. _-:-· .... ~----·· .. _..

..............~

;

8
B~ntonite Slurry .
:
:
.- J... ":"1.02 g1cm3 (8.5IbJgal)· .. · -~ .. --- .;. -. 10
:
Tremie Pumped
:
:
- _•.. ;.••... ~- ... --: .....j-: --' - Water Table· 12
. - - i _ _ ..... _ . _ : . __
_

-''''-.; I:--'":''''''~'''''';'''-'!-f'-''''~'''''':'''
.
:
. l:
.
:

~

Transducer
Oriented North

Reference

_·r --:.. ···r·

...............p

....

,

.......;
I

:--. S~d .... f ....

!·

~

:

J

: Well
----~

:

:

.. ----:...

14
16
18
20

11

_. . . . .~ Water ·~ .. · ..l-: ..
....·-.. -- 22
I : Reference: TObu Depth =22.9 ~
L..._..:-J._""--_""--_...:.---I""--_...:.-_---..l 24

...,;";,,;,;;,,;,;,,,;JI;,;.,;,;----I

Fig. 10. Results of Ultrasonic Evaluations in Well 11 (from Klima 1996)
Results of all of the tests conducted in monitoring wells are summarized in Table 3. Wells
sealed with tremie pumped bentonite slurries with mud weight greater than 1.19 g/cm' (D2, G2,
G3, H2, and H3) resulted in low percentage of defective seals « 7.5%). However, when the mud
weight was low (1.02 g/cm3), the resulting seal was defective more than half of the length of the
casing (Well II). The relatively large section of unsaturated soil (i.e. relatively deep water table) In
Well 11 might have also contributed to poor sealing by allowing the low mud weight sluny to
infIltrate into the adjacent tonnation. In addition, hydrocarbons present in the subsurface
environment might have adversely affected the bentonite seal.

The bentonite-sand slurry in Well El was intact for most of the casing length. The E
values for the bentonite-sand slurry were higher than the E for bentonite-only slurries.

It is

believed that the presence of the sand caused an increase in the E values. A 100% intact seal was
obtained in Well E2, which was sealed with granular bentonite. Bridging of the sealant was
apparently not a factor, even though the bentonite was placed by dropping the granules in the
annulus. The adjacent saturated, low hydraulic conductivity clay might have also allowed for the
formation of an intact seal by preventing infiltration. Wells El and E2 were installed near a fly ash
disposal facility and contaminants from the ash were detected in the groundwater. The seals in the
wells did not appear to be affected by the presence of the contaminants. However, it must be noted
that the seal evaluation was conducted within a year after the installation of the wells and the
contamin~ts may

threaten the integrity of the seals in the long-term.

Table 3 - Summary of Ultrasonic Tests Conducted in Monitoring Wells (from Klima 1996)
Well
Dl
D2

D3

El
E2
Fl
G1

G2
G3

HI
H2

H3
II

Defective Seal

Casing

Seal

Seal
Placement

Seal Length
(m)

PVC - Sch. 40
62 mm (2.45 in)
PVC - Sch. 40
58 mm (2.3 in)
PVC - Sch. 40
50 mm (2 in)
PVC - Sch. 40
62 mm (2.44 in)
PVC - Sch. 40
52 mm (2.05 in)
PVC - Sch. 40
51 mm (2.01 in)
PVC - Sch. 40
62 mm (2.44 in)
PVC - Sch. 40
62 mm (2.44 in)
PVC - Sch. 40
62 mm (2.44 in)
PVC - Sch. 40
52 mm (2.04 in)
PVC - Sch. 40
52 mm (2.04 in)
PVC - Sch. 40
52 mm (2.04 in)
PVC - Sch. 40
50 mm (2 in)

. Granular Bentonite

Gravity

0.0

(%)
Not Applicable

Bentonite Slurry

Tremie Pumped

27.4

1.1

22.0

0.0

Bentonite-Sand Slurry

Unknown (prb.
Tremie Pumped)
Tremie Pumped

13.1

10.8

Granular Bentonite

Gravity

14.2

0.0

Cement-Bentonite (5%)
Grout
Granular Bentonite

Tremie Pumped

12.2

42.5

Gravity

0.0

Not Applicable

Bentonite Slurry

Tremie Pumped

19.8

0.0

Tremie Pumped

18.0

1.7

Tremie Dropped

7.6

8.0

Tremie Pumped

24.5

7.5

Tremie Pumped

23.5

2.9

Tremie Pumped

12.3

55.4

3

1.21 g/cm (10.1 Ib/gal)

Cement-Bentonite Grout

1.19 gJcm3 (9.9 Ib/gal)
Bentonite Slurry

1.19 g/cm3 (9.9 Ib/gal)
Bentonite Chips

9.5-mm-diarn.
Bentonite Slurry

1.20 g/cm3 00.0 Ib/gal)
Bentonite Slurry

1.20 g/cm3 00.0 Ib/gal)
Bentonite Slurry

1.02 g/cm3 (8.5 Ib/gal)

The results for bentonite-cement seals were significantly different between Wells D3 and
Fl.

A 100% intact seal was obtained in Well D3 whereas, the seal in Well Fl was 42.5%

defective. It is believed that the s a1' Fl

.
e m was dISturbed by a nearby, large-scale construction
project that involved large construction equipment. The bentonite chips seal in Well HI resulted in
intact seals for most of the casing length.
Wells Dl and Gl were shallow wells installed to monitor the level of water table. A
protective steel casing was placed over the PVC casing above the screen o,f the PVC casing. High
Ewere obtained for these wells that resulted from the presence of air between the steel and PVC
casings. It was not possible to determine the effectiveness of the seals outside the steel casings.

CONCLUSIONS
Field tests were conducted in Wisconsin from 1994 through 1996 in several boreholes using
an ultrasonic testing method that was developed at the University of Wisconsin-Madison. A downhole
testing probe was used to assess the integrity of annular seals surrounding casings. The tests are
grouped under two categories: initial tests conducted in model boreholes and later tests conducted

in groundwater supply and monitoring wells. The model boreholes were constructed to simulate
groundwater monitoring wells. These boreholes provided a controlled environment to evaluate the
effectiveness of the recently developed ultrasonic method. Bentonite and neat-cement were used
for the seals, and defects were introduced intentionally using dIy sand. The boreholes were 152
rom (6 in) in diameter and the casings were Schedule 40 steel pipes 50 rom (2 in) in diameter. The
seals were initially tested in Fall 1994. Additional testing was conducted in Summer 1995,
approximately 10 months after installation.
Based on the results of the model borehole tests, it is concluded that (1) different seals and
locations devoid of seals can be detected using the ultrasonic method, (2) condition of seals
changes in time due to curing of cement or hydration/desiccation of bentonite, and (3) periodic
seals evaluations can prove useful to ensure successful perfonnance of cased-borehole seals.
Subsequent to the model borehole tests, ultrasonic tests were conducted in three water
Supply wells and thirteen monitoring wells to evaluate the condition of the seals surrounding the
casings. Based on the results of the model borehole tests, it is concluded that (l) practices used in
Wisconsin for sealing monitoring wells generally result in good seals, whereas the practices used
for sealing water supply wells generally result in poor seals. (2) seals made with bentonite drilling
mud and ,cuttings perfonn poorly above the water table and within coarse-grained fonnation soils,
Particularly gravel, (3) seal materials placed with tremie piping generally provide better seals than
seal materials placed by dropping or shoveling.
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